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Abstract: Single nucleotide variants (SNVs) are mutations in the DNA sequence of a gene that are
responsible for a variety of genetic disorders. Exonic variants located in the coding region of a gene can be
especially harmful to an organism when they alter the biological functions of proteins. In this study, we
performed multiple functional annotations and sequence alignments to assess the impact of SNVs in coding
regions of genes associated with intellectual disability (ID). Through bioinformatics analysis, we identified
three significant motifs in the coding region of ACTB, PTPN11, and GNAO1 prioritized by our pipeline.
Detailed examination of these three genes revealed that eight variant coordinates were located in the three
motifs, two of which from ACTB are reported to be pathogenic by MISCAST and three from GNAO1 are
reported likely pathogenic according to clinical significance from National Center for Biotechnology
Information (NCBI). In particular, we discovered two novel SNVs located at chr16:56370698 and
chr16:56370711 in GNAO1 that are highly likely to be pathogenic and possibly associated with ID. Overall,
our results revealed the pathogenic roles of SNVs within coding regions of ID candidate genes. Future work
is to automate this process through developing a bioinformatics software that can identify novel SNVs in
coding regions responsible for various human diseases.
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1. Introduction

Intellectual disability (ID) is a common neurodevelopmental disorder with problematic intellectual
functioning and adaptive behaviour which significantly limit one’s abilities to perform everyday social and
practical skills [1]. One can be diagnosed with this condition prior to the age of 18 if the following criteria
are met: 1) deficits in intellectual abilities such as “learning, problem solving, and judgement” confirmed by
exams performed by doctors and individualized standard IQ testing scores lower than 75; 2) deficits in
adaptive functioning such as “communication and independent living” which significantly hamper one’s
capability to meet their social responsibilities; 3) Delays in skill development (language and motor skills)
compared to the average age [2]. Intellectual disability can appear as mild, moderate, or severe. Mild levels
of ID are hard to detect until later in school age when a child may have difficulty with academics and suffer
from recurring mental health issues [2].
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Genetic brain disorders are caused by mutations in a gene, either from inheritance, environmental
exposures, or both [3]. Previous studies have identified many ID-related genes. For instance, 26 orphan
receptors found in the rhodopsin (class A) family of G protein-coupled receptors (GPCR) are shown to be
extensively expressed in the mammalian brain and highly involved in neurodegenerative diseases and
psychiatric disorders including Alzheimer’s disease, Parkinson’s disease, neuroinflammation, inflammatory
pain, bipolar and schizophrenic disorders, epilepsy, anxiety, and depression [4], [5]. People with significant
brain disorders fail to produce enough of a certain protein or produce malfunctional proteins as a result of
variations within their DNA sequences [3].

Existing microarray studies and exome sequencing studies have demonstrated the importance of de novo
copy number variants (CNVs) as well as single-nucleotide variants (SNVs) in causing intellectual disability
[6]. In a clinical experiment conducted by scientists from Radboud University Medical Center, a
whole-genome sequencing was applied to 50 patients with severe ID and their unaffected parents. Their
results showed 84 de novo SNVs altering the coding region (CDS), which revealed a “statistically significant
enrichment of loss-of-function mutations as well as an enrichment for genes previously implicated in
ID-related disorders” [6]. In fact, many other studies have also identified de novo variants harbored from ID
related genes specifically within the CDS, a section of the DNA sequence responsible for encoding proteins
[7], [8]. This correlation suggests that SNVs altering the CDS of a gene are major contributors to ID.

Nevertheless, given the genetic heterogeneity of ID and its relationship with the constantly changing
environment, newly identified genes and respective mutations account for only a small proportion of ID
cases [9]. Therefore, an automated and effective analysis pipeline of genome sequencing is necessary to
effectively identify and prioritize the causative variants within ID candidate genes.

In this research project, we conducted bioinformatics analysis to identify novel ID-related SNVs
exclusively in the coding region harbored in genes associated with ID. Other crucial evaluations such as
functional annotation, gene tissue expression, conservation across species, conserved domain analysis,
protein-protein interactions (PPI), and protein structure analysis were also performed to provide more
insights into the target group of genes and their functions.

2. Materials and Methods
2.1. Selection of Candidate ID Genes

To obtain the initial list of genes related to ID, we collected known genes from existing studies published
on reputable science journals and databases (e.g. PubMed). The selection criteria we followed were: 1)
genes were all targeted by microRNAs and 2) published papers are from the past ten years and related to ID
studies and clinical evaluations. We then manually screened out aliases and replaced them with their official
gene names as suggested by The National Center for Biotechnology Information (NCBI)
(www.ncbi.nlm.nih.gov). In total, we reviewed nine published papers and collected a list of initial genes for
subsequent analysis [10]-[16].

2.2. Functional Annotation and Tissue Expression

The list of ID candidate genes were processed by the Database for Annotation, Visualization and
Integrated Discovery (DAVID) (david.ncifcrf.gov) to identify their enriched biological themes, particularly
Gene Ontology (GO) terms, of the genes and categorize them to respective functional-related gene groups.
We limited our search to genes with the GO term ‘neuron’ from the top ten clusters and assessed their gene
expression, especially in brain tissues, by checking them against the Genotype-Tissue Expression (GTEx)
database (gtexportal.org/home) and the University of California Santa Cruz (UCSC) Genome Browser
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(genome.ucsc.edu). Only genes that are highly or relatively highly expressed in brain tissues compared to
the other genes were selected for performing protein sequence alignments.

2.3. Multiple Protein Sequence Alignment and Conserved Domain Analysis

The purpose of protein sequence alignment is to find conserved domains within the ID candidate genes
and evaluate their association with brain disorders. We retrieved protein sequences for the selected genes
from Ensembl Biomart (ensemble.org) and fed them through the Multiple Sequence Comparison by
Log-Expectation (MUSCLE) (www.ebi.ac.uk/Tools/msa/muscle) to generate alignment results. We viewed
the results using Jalview (www.jalview.org) that clearly showcased the conservation value and qualities of
the many domains. Through examining the results, we excluded TUBB2A from further analysis because it
did not show similar conserved domains as the other genes.

Furthermore, we ran NCBI Batch CD-Search tool (ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) for
the genes (not including TUBBZA) with conserved blocks in their protein sequences and identified their
super-families. Within these families, we ran STRING functional protein association network (string-db.org)
to inspect protein-protein interactions (PPI) between these genes. Lastly, we also explored homology and
the conservation of these domains in other species (e.g. mouse and rat) at protein level using Protein Basic
Local Alignment Search Tool (BLASTP) (blast.ncbi.nlm.nih.gov) and found that all selected genes have
orthologs in mice and rats. Genes that showcased clear conserved domains and conservation across other
species were selected for motif identification.

2.4. Phylogeny Construction for ID Candidate Genes Highly Expressed in Brain

In order to build the phylogenetic tree, we took the MUSCLE alignment file and fed it to the Molecular
Evolutionary Genetics Analysis (MEGAX) (www.megasoftware.net) and generated the Maximum Likelihood
(ML) tree. We adopted the default tree-building parameters for ML Heuristic Method such as: uniform rates,
all sites, Nearest-Neighbor-interchange (NN), no branch swap filter; and 4 threads in total.

2.5. Motif Identification and dbNSFP Database Variant Functional Prediction

We used Multiple Expression motifs for Motif Elicitation (MEME) Suite (meme-suite.org) to identify the
motifs among the CDS sequences of each of the ID candidate genes with default parameters and inspected
whether genes enriched with identified motifs containing SNVs could contribute to ID. Although there are
many databases available, we chose to use the database for Nonsynonymous SNPs’ Functional Predictions
(dbNSFP) to predict functions for SNVs exclusively in the CDS. This database includes more than 300 unique
functional annotations for only nonsynonymous SNVs (nsSNVs change the final protein product) in the
human genome [17]. Then, we examined if any of dbNSFP reported variants are located in the motifs
identified by MEME.

2.6. Verification of the Nature of Identified Variants

In total, we obtained three genes (ACTB, GNAO1, and PTPN11) from motif identification result of genes
with conserved domains and high expressions in brain tissues. We then prioritized this list of genes
harboring nsSNVs based on their damaging significance reported by dbNSFP and ClinVar
(ncbi.nlm.nih.gov/clinvar) phenotype (supporting functional consequence of variants). Since PTPN11 has
no variants located in the three motifs, we did not verify the nature of the variants reported in PTPN11.

We found the respective amino acid index of the two SNV locations in gene ACTB using UCSC Genome
Browser human GRCh37/hg19 assembly chromosome locations. We then examined these two coordinates
(N12 and A22) and three potential SNVs using the Missense Variants to Protein Structure Analysis Web
Suite (MISCAST) Variant Analysis Suite (miscast.broadinstitute.org).
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Given that GNAO1 was not found in MISCAST database, which could be due to the unavailability of the
entire protein structure, we searched SWISS-MODEL (swissmodel.expasy.org) and used similar protein
structure aligned with P09471 (UniProt ID) to deduce variant structural locations. To check for functional
consequences of identified variants in GNAOI1, we employed ClinVar to assess their potential clinical
pathogenicity.

All steps mentioned above for identifying clinically significant variants of ID genes are shown in Fig. 1.
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intellectual disability
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91 genes with the GO term
neuron from cluster seven
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Fig. 1. Workflow of prioritizing coding region missense variants of genes associated with ID.

3. Results
3.1. ID Related Gene Selection

To begin, our manual curation process for selecting ID candidate genes, which is discussed in more detail
in our previous study on miRNA and mRNA pairs, resulted in a total of 2,066 genes from published
literatures. The full list of genes is reported in [18] and also available upon request.

3.2. GO Term Elucidation and Gene Expression Evaluation for ID Related Genes

All 2,066 genes were categorized into clusters based on their functionality and ordered by their
enrichment score. Out of all clusters, cluster seven demonstrated the highest level of neuron engagement.
After eliminating duplicates, we obtained a total of 91 genes.

For each selected gene, we assessed its expression levels in 54 different tissues as reported by GTEx, 13
of which are brain. Our results found ten genes, namely PTPN11, GNAO1, SOX2, APBB1, STXBP1, TUBBZ2A,
RAC1, KIF5C, GJA1 and ACTB, to be highly expressed in brain tissues when compared to the rest. We
averaged the score of brain tissue expressions for all ten genes as shown in Fig. 2.

As seen, ACTB demonstrated extremely high brain tissue expressions. In fact, it exhibited the highest
expression values in the cortex, frontal cortex, spinal cord (cervical c-1) and basal ganglia, which suggests a
strong connection with brain and intellectual functions such as speech, thinking, and memory, and the
possibility that dysfunctional ACTB proteins caused by mutations could lead to detrimental effects [19]. In
addition, we inspected the expression graphs of each selected gene and found that GNAO1 showed low
expressions in other human tissues but abnormally high associations with cerebellum and cerebellar
hemisphere, a part of the brain in charge of voluntary movements [20]. Analysis of past studies revealed
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that cerebellar failure is evident in several developmental disorders, “including autism, ADHD, and
developmental dyslexia,” and that cerebellar ataxia is often followed by ID later in childhood and adult life
[21].

3.3. Protein Sequence Alignment and Conserved Domain Analysis
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Fig. 2. Average expression of ten genes in 13 brain tissues (GTEx database).

A multiple sequence alignment on the protein sequences of the ten genes revealed many significantly
conserved domains (distinct structural units responsible for protein interactions and functions). We
investigated the functional abilities of these domains as well as PPI.

The results we obtained from NCBI Batch CD-Search tool of the nine genes revealed that GNAO1 and
RAC1 belong to the same superfamily cl38936, the P-loop NTPase superfamily, characterized by the
presence of the Walker A and Walker B motifs responsible for nucleotide phosphate binding [22]. More
importantly, the domain search identified the proteins association with G-alpha proteins. Orphan G
protein-coupled receptors (GPCR) proteins play important roles in causing neurological diseases and are
potential targets for effective psychopharmacology [5].

The PPI data of the two genes ACTB and GNAO1 obtained from STRING are shown in Fig. 3. The protein
ACTB interacts with other proteins with similar molecular functions such as actin binding and actin
cytoskeleton organization. When we changed the settings by increasing the number of interactors shown
on the figure, we interestingly discovered ACTB protein to be interacting with RACI protein with an
interaction combined score of 0.950. The protein GNAO1 interacts with other guanine nucleotide-binding
proteins from the G-alpha group. Similarly, a change in settings to show more interactors revealed GNAO1
to be interacting with RAC1 with a combined score of 0.924 reported by STRING.

(@ (b)
Fig. 3. Protein-protein interaction data of ACTB and GNAO1 limited to top ten interactors. (a) PPI of ACTB. (b)
PPI of GNAO1.
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3.4. Motif Identification and Missense Variant Classification

Our results showed three significant motifs (Fig. 4) in the CDS sequences found in all nine genes (except
TUBBZ2A4), which highly suggests that these motifs are potentially associated with ID.
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2

Fig. 4. Three most significant motifs in the CDS sequences of 9 genes. (a) Motif 1. (b) Motif 2. (c) Motif 3.

A total of 175 SNVs located in the three genes (ACTB, GNAO1, and PTPN11) were identified, among these
eight possible variant coordinates are located within the three motifs. Though none of the SNVs reported by
dbNSFP for gene PTPN11 are located in the three most significant motifs, PTPN11, with other genes, does
share the second-most significant motif with a p-value of 5.55e-18 reported by MEME.

On location chr7:5569255, which is in the ACTB gene, there reside two SNVs that are located in the most
significant motif with a p-value of 2.48e-15. The two variants on index 12 are N>D and N>H, both of which
were reported pathogenic and causative of Baraitser-Winter syndrome. Baraitser-Winter syndrome is a
multiple congenital anomaly syndrome characterized by ID, thus suggesting the high possibility for this
variant to also be associated with ID [23]. Similarly, the third SNV in ACTB located at chr7:5569225 with an
amino acid index of 22 reported a single variant A>T and a connection with Baraitser-Winter syndrome.
Therefore, all three possible variants in ACTB are pathogenic, and its association with the Baraitser-Winter
syndrome suggests its role in causing ID.

The splice donor site variant (chr16:56226265) in GNAO1 is identified as two potential SNVs (G>R and
G>W) inside the first exon sequence (chr16:56226148-chr:56226266), in which the second motif is located.
Clinical significance on ClinVar reported both SNVs as pathogenic and associated with early infantile
epileptic encephalopathy (EIEE1), a type of neurological disorder caused by brain malformation or genetic
mutations due to the lack of ARX proteins which disrupts normal brain development and leads to seizures
and ID [24]. Our results verified the strong correlation between GNAO1 variant mutations and EIEE1 that
leads to ID later in life.

Furthermore, a group of five locations in GNAOI1, specifically chr16:56370698, chr16:56370711,
chr16:56370729, chr16:56370732, and chr16:56370741, are all located in the third most significant motif.
The third most significant motif, also shared by gene ACTB, has a p-value of 1.78e-18 in gene GNAO1. The
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fact that the five SNVs are located close to each other but not consecutive further suggests the potential
influence through miRNA binding. Clinical reports on ClinVar also proved two of the five
SNVs-chr16:56370732 and chr16:56370741-to be probably pathogenic and pathogenic respectively. Out of
the remaining three variants, two were novel variants we discovered at chr16:56370698 and
chr16:56370711, and although the last SNV at chr16:56370729 did not report any clinical significance, we
believe all three SNVs are highly likely to be pathogenic and strongly associated with ID and other related
syndromes as were the other SNVs we identified. In the future, clinical experiments could seek to verify our

results. The Table 1 below summarizes our discovery and the ten SNVs we analyzed in our study.

Table 1. Non-Synonymous Variants in ACTB and GNAO1 Obtained from dbNSFP

chr  pos(hgl9) ref alt aaref aaalt Gene Location Motif Clinical Significance
7 5569225 c T A T ACTB CDS 1 Pathogenic
7 5569255 T C N D ACTB CDS 1,3 Pathogenic
7 5569255 T G N H ACTB CDS 1,3 Pathogenic
16 56226265 G C G R GNAO1 Splice donor site 2 Likely pathogenic
16 56226265 G T G w GNAO1 Splice donor site 2 Likely pathogenic
16 56370698 G A E K GNAO1  Splice acceptor site 3 Novel variant
16 56370711 c A A D GNAO1 CDS 3 Novel variant
16 56370729 c T A \' GNAO1 CDS 3 Clinical significance not reported
16 56370732 T C L P GNAO1 CDS 3 Likely pathogenic
16 56370741 A G Y C GNAO1 CDS 3 Likely pathogenic

3.5. Variant 3D Structural Location

Fig. 5 showcases variants as described in Table 1 for ACTB. Although the entire protein structure of
GNAOL1 is still unavailable for use, we obtained 3D figures from SWISS-MODEL that aligned it with similar
protein structures. Fig. 6 showcases closed-up images of variants from GNAO1.

(b)
Fig. 5. SNVs Structural location for variants in ACTB (red highlighted). (a)chr7:5569225 N12
(b)chr7:5569255 A22.
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4. Discussion

The gene ACTB encodes a protein called beta (f3)-actin, which is part of the actin protein family
responsible for making up the structural framework inside cells. Mutations inside of ACTB have been found
to cause Baraitser-Winter syndrome, a condition that affects brain and facial feature development [25].
These mutations change the amino acid sequence in -actin leading to malformed cytoskeleton and cell
structure, which ultimately affects the cell movement. Given that B-actin is a common cell present
throughout one’s body, dysfunctional B-actin proteins are major contributors to developmental issues,
including brain growth [26].

GNAO1 encodes proteins that represent the alpha subunit of the G-protein signal-transducing complex.
Mutations within GNAOI have been found to cause neurodevelopmental disorder with involuntary
movements (NEDIM) and EIEE1, both of which are severe neurologic disorders within the brain [27]. In
fact, the two novel SNVs we discovered at chr16:56370698 and chr16:56370711 are highly likely to cause
similar brain malfunction given the high expression levels of GNAO1 in 13 brain tissues (Fig. 7). To validate
our results through whole-genome sequencing (mainly wet-lab experiments) would require lots of
additional resources and significant amount of time, but we definitely look to verify our discoveries through
clinical trials in future research project. Nevertheless, through an extensive literature review on papers
found in reputable academic databases such as PubMed, Google Scholar, and ScienceDirect, numerous
existing studies that employed clinical trials with ID patients have verified the pathogenic role of GNAO1
mutations in neurodevelopmental disorders [27]-[29]. In addition, we checked our identified variants
against 1000 Genome data (www.internationalgenome.org/about#1000G_PROJECT), a sequencing-based
variant calling database with the largest public catalogue of human variation and genotype data, and found
that the dbNSFP database we used in the study correctly reported all potential SNVs in the three genes.

The three genes (ACTB, GNAO1, and PTPN11) focused on in our study demonstrated a close relationship
on proteomic levels as well, implying their similar biological functions. In the phylogenetic tree (available
upon request), PTPN11, ACTB, and GNAO1 were clustered closely together, which suggest that they share a
closer relationship with each other than the remaining seven genes. Moreover, in another separate study by

29 Volume 11, Number 2, April 2021



the second author (MS in preparation), PTPN11 and ACTB were both reported to be targeted by miRNA
hsa-miR-221. These results indicate that the miRNA targeted genes could function as seed region variants
(3’UTR) in conjunction with CDS variants to play pathogenic roles in ID etiology.
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Fig. 7. Brain expression levels of GNAO1 in 54 human tissues reported by GTEX portal.

The discovery of CDS variants in ID candidate genes targeted by miRNA is an important part of
understanding the pathophysiology of neurodevelopmental disorders. So far, there are few studies
conducted in this line of research. Furthermore, disease related SNVs are under-used during the early
stages of drug development. Past studies have used genome-wide association studies (GWAS) for drug
development by mapping out SNVs to genes encoding target proteins [30], [31]. Effective examples of
GWAS include the identification of loci for type 2 diabetes including genes encoding targets for the
glitazone and sulphonylurea drug classes, both of which are already used to treat diabetes [32]. Similarly,
our workflow pipeline could be valuable in identifying key drug targets for early stages of drug
development. The idea is to use existing and custom computer tools of human genome analysis and
processing to identify key drug targets involved in the pathogenesis of diseases such as ID.

5. Conclusion

Missense mutations in the coding region of genes targeted by miRNAs have shown to alter the amino acid
sequences, thus impacting the biological functions of the protein. Using dbNSFP, we discovered two novel
likely-pathogenic variants in the gene GNAO1 and three pathogenic variants that were associated with
EIEE1. The two SNVs in ACTB were proven pathogenic and associated with Baraitser-Winter syndrome.
Both EIEE1 and Baraitser-Winter syndrome are characterized by ID symptoms, thus further suggesting the
the genes’ association with brain disorders and the effectiveness of our pipeline. Furthermore, ACTB and
GNAO1 were highly expressed in brain tissues, specifically the cortex, basal ganglia, and cerebellum.
PTPN11 shared the second most significant CDS sequence motif with ACTB and GNAO1. Other analysis like
conserved domain search and function annotations further suggests the close correlation of these genes
and intellectual disability.

It is important for these pathogenic variants and mutated genes to be recognized by pediatric
neurologists to enable proper drug analysis and development. Our process of SNV identification and
functional annotation proved to be valuable and efficient, and we hope to further verify our results through
clinical experiments.
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